, expressed in alveolar type 2 (AT2) cells, is critical for surfactant homeostasis. The first luminal loop of ABCA3 contains three putative N-linked glycosylation sites at residues 53, 124, and 140. A common cotranslational modification, N-linked glycosylation, is critical for the proper expression of glycoproteins by enhancing folding, trafficking, and stability through augmentation of the endoplasmic reticulum (ER) folding cycle. To understand its role in ABCA3 biosynthesis, we utilized EGFP-tagged fusion constructs with either wild-type or mutant ABCA3 cDNAs that contained glutamine for asparagine substitutions at the putative glycosylation motifs. In A549 cells, inhibition of glycosylation by tunicamycin increased the electrophoretic mobility (M r) and reduced the expression level of wild-type ABCA3 in a dose-dependent manner. Fluorescence imaging of transiently transfected A549 or primary human AT2 cells showed that although single motif mutants exhibited a vesicular distribution pattern similar to wildtype ABCA3, mutation of N124 and N140 residues resulted in a shift toward an ER-predominant distribution. By immunoblotting, the N53 mutation exhibited no effect on either the M r or ABCA3 expression level. In contrast, substitutions at N124 or N140, as well a N124/N140 double mutation, resulted in increased electrophoretic mobility indicative of a glycosylation deficiency accompanied by reduced overall expression levels. Diminished steadystate levels of glycan-deficient ABCA3 isoforms were rescued by treatment with the proteasome inhibitor MG132. These results suggest that cotranslational N-linked glycosylation at N124 and N140 is critical for ABCA3 stability, and its disruption results in protein destabilization and proteasomal degradation.
THE ABCA3 (ATP binding cassette subfamily A, member 3) glycoprotein is a member of a highly conserved multispan transmembrane ABC superfamily of transporters that uses the energy of ATP hydrolysis to translocate a variety of substrates, ranging from ions to large molecules, across cell membranes. The human ABCA3 gene has been mapped to chromosome 16p13.3 and encodes a 1,704-amino acid protein (13, 30) . Structure prediction algorithms suggest that ABCA3 is typical of most ABC transporters, consisting of four core domains forming a minimal functional unit (27) (Fig. 1) . Two transmembrane domains (six ␣-helices per domain) form the conduit through which substrates cross the membrane. These domains also contain substrate-binding sites, which contribute to transport specificity. Two ATP binding cassettes (ABC1 and ABC2) (nucleotide binding domains) couple the energy of ATP hydrolysis for substrate translocation. Although the ABCA3 transporter is found in many tissues, it is highly expressed in the alveolar type 2 (AT2) cells of the distal lung epithelium (42, 59) . Localized at the limiting membrane of the lamellar body (LB), an AT2-cell specific organelle (42, 59) , ABCA3 functions as a transporter of phospholipids and cholesterol into the LB, and in recent years it has been recognized as one of the critical regulators of LB biogenesis and lung surfactant metabolism (2, 8, 9, 11) .
Studies of ABCA3 biosynthesis have revealed several key components of its intracellular trafficking. After synthesis of the primary translation product and translocation to the endoplasmic reticulum (ER), ABCA3 is routed via the early endosome/multivesicular body network directly to the LB in AT2 lung epithelial cells or to lysosomes and lysosomal-related organelles (LROs) in A549 and HEK293 cell lines (2, 10, 11, 17, 38, 42, 44) . Within these distal compartments ABCA3 also undergoes posttranslational proteolysis of the proximal NH 2 -terminal region (17) , which can be used as a biochemical marker of successful trafficking to distal vesicles. We have recently reported the identification of a novel xLxxKN targeting motif in the ABCA3 NH 2 -terminus that is also found in most other ABCA family members (4) and serves as a signal for their transit to post-Golgi compartments.
In addition to this novel targeting motif, treatment of membrane fractions from ABCA3 expressing HEK293 cells by glycosidases endoglycosidase H (Endo H) and glycosidase F (PNGase F), which cleaves N-linked glycans including complex carbohydrate chains, indicate that the transporter undergoes N-linked glycosylation (10, 37) . The specific glycosylation site(s) and the role glycosylation plays in ABCA3 biosynthesis, however, remain unknown.
N-linked glycosylation is one of the most common co-/ posttranslational modifications that occurs during protein synthesis in the ER and has a pivotal role in the folding, stability, and cellular localization of proteins (24, 40) . N-linked glycosylation is characterized by the addition of a carbohydrate moiety to the polypeptide via a ␤-glycosidic linkage between an N-acetylglucosamine residue and the ␦-amide of an asparagine (N) residue in the consensus sequence NXS/T, where X is any amino acid except proline (24, 25, 33, 40) . Terminally misfolded glycoproteins undergo mannose cleavages and that render them recognizable by lectin-like proteins such as EDEMs (ER degradation-enhancing ␣-mannosidase-like proteins), OS-9, and SEL-1 as adaptor molecules for ER-associated degradation (ERAD) (12, 24, 40) .
In the present study we tested the hypothesis that N-linked glycosylation of ABCA3 is crucial to its biosynthetic metabolism. On the basis of an initial sequence/domain analysis, we identified several putative N-linked glycosylation motifs, with three of the four located within the first luminal loop of the transporter (Fig. 1) . Using site-directed mutagenesis, we generated green fluorescent protein (GFP)-tagged fusion constructs of ABCA3 substituting glutamine for asparagine to evaluate trafficking patterns and expression levels. By multiple approaches, N-linked glycans were found to be present at only two of the four candidate sites, N124 and N140, and these were shown to be critical for the proper anterograde trafficking and stability of the nascent ABCA3 protein. In addition, the data also establish a critical role for quality control pathways in the degradation of mistrafficked ABCA3 resulting from defects in N-linked glycosylation.
MATERIALS AND METHODS

Materials.
The pEGFP-N1 monomer plasmid was purchased from Clontech (Palo Alto, CA). Tagged constructs were necessary to follow trafficking of the ABCA3 transporter owing to lack of commercially available reliable antibodies. Tissue culture medium was produced by the Cell Center Facility, University of Pennsylvania. Except where noted, all other reagents were electrophoresis, tissue culture, or analytical grade and were purchased from Sigma Chemical (St. Louis, MO) or Bio-Rad (Melville, NY).
ABCA3/EGFP constructs. The full-length human ABCA3 WT / EGFP was generated by amplifying three overlapping ϳ2-kb segments of cDNA by the RT-PCR method described previously (42) . The plasmid was used as a template to generate EGFP fusion asparagine (N) mutant constructs (Fig. 2) via the one-step PCR amplification and subcloning method using the QuikChange kit (Santa Clara, CA). The primers [primer nucleotide sequence is obtained from the National Center for Biotechnology (NCBI) of human ABCA3, data accession number NM_001089] generated for these mutant constructs are as follows: for N53Q: forward, 5=-tcggaaaatgtgccccaggccaccatctacccg-3=, reverse, 5=-cgggtagatggtggcctggggcacattttccga-3=; for N124Q: forward, 5=-ctacattaggtacgaccagtgctcgtccagcgtgc-3=, reverse, 5=-gcacgctggacgagcactggtcgtacctaatgtag-3=; for N140Q, forward, 5=-tcgagcaccccttccagcacagcaaggagcc-3=, reverse, 5=-ggctccttgctgtgctggaaggggtgctcga-3=, and for N945Q: forward, 5=-ccctcctggccatccagtactcctcggagct-3=, reverse, 5=-agctccgaggagtactggatggccaggaggg-3=. All resultant plasmids were transformed into competent bacterial cells (Life Technologies, Grand Island, NY) for amplification.
DNA constructs. To ensure that no random alterations were introduced, the sequences of the coding regions of all wild-type (WT) and mutant constructs were verified by use of overlapping primers and by automated DNA sequencing performed by the Core Facility in the Department of Genetics at the University of Pennsylvania.
Cell lines, transfection, and reagent treatment. Human A549 and HEK293 epithelial cell lines were originally obtained through the American Type Culture Collection (ATTC, Manassas, VA). A549 cells grown to 85-90% confluence on glass coverslips in 35-mm plastic dishes were transiently transfected with fusion WT or mutant ABCA3 constructs (4 g/dish) by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), with consistently achievable transfection efficiencies of 40 -60%. ABCA3
WT /EGFP stable cell line in HEK293 cells were generated following a 48-h transient expression by the CaPO 4 transfection method (41) , with subsequent steps taken for clonal selection with 1 mg/ml G418. The cells were maintained in DMEM containing 500 g/ml G418, 10% FBS, and 1% penicillin/ streptomycin. Naive A549 and primary AT2 cells or cells transfected with the various WT or mutant ABCA3/EGFP fusion constructs were treated with 1 M MG132 following overnight expression of the proteins and incubated for another 24 h before harvest. Similarly, nontransfected and transfected A549 cells were treated with the indicated concentrations of tunicamycin concurrently with transfection and incubated for 16 h (time of expression was reduced to minimize cell toxicity by tunicamycin).
Human fetal lung alveolar type 2 cell culture and transfection. Isolation and culture of human fetal AT2 cells was performed as previously described (22) with the knowledge of the Children's Hospital of Philadelphia Institutional Review Board. Briefly, enriched populations of epithelial cells were isolated from explants of secondtrimester (13-20 wk gestation) human fetal lung tissue and were first transfected in suspension with fusion WT or mutant ABCA3/EGFP constructs by using electroporation with a proprietary transfection system protocol (AMAXA, Gaithersburg, MD) (15-25% transfection efficiency) prior to plating on glass coverslips in 30-mm plastic culture dishes in Waymouth's medium containing 10% fetal calf serum. After overnight culture, attached cells were cultured for an additional 24 -48 h in 1 ml of serum-free Waymouth's medium containing 10 nM dexamethasone, 0.1 mM 8-bromo-cAMP, and 0.1 mM isobutylmethylxanthine together (referred to as DCI), previously shown to maximally induce surfactant components while maintaining a morphological AT2 cell phenotype.
Immunocytochemistry. Colocalization studies were performed by immunostaining plated cells that were fixed by immersion of coverslips in 4% paraformaldehyde. Immunofluorescence with confocal microscopy. Confocal fluorescent images of permeabilized cells fixed in 4% paraformaldehyde and immunostained with various Texas red-conjugated antibodies were examined by a Bio-Rad Radiance 2000 confocal scanning system (Carl Zeiss, Thornwood, NY). The system was equipped with an argon laser line at 488 nm, a helium-neon laser line at 543 nm, and a red diode line at 637 nm coupled to a Nikon Eclipse TE300 invertedbased microscope with a 60 ϫ oil-immersion objective. Single-focal red and green fluorescent images of the same cells were saved and processed with Bio-Rad Zeiss LaserSharp 2000 software (Carl Zeiss).
SDS/PAGE. Cells were washed with ice-cold PBS (pH 7.4), scraped, and pelleted by centrifugation at 450 g for 5 min at 4°C. The pellet was washed three times with balanced salt solution and resuspended for cell count. Samples were normalized for equal number of cells by dilution with PBS as described (3), pelleted and resuspended in sample loading buffer [93.8 mM Tris·HCl (pH 6.8), 3% (wt/vol) SDS, 15% glycerol, 0.15% (wt/vol) bromophenol blue, and 20 mM DTT]. Following sonication and centrifugation at 6,000 g for 30 s to remove nuclei, proteins were separated by electrophoresis on a 3-8% NuPage Tris-acetate or on a 12% NuPage Bis-Tris polyacrylamide gel (Life Technologies) and transferred to nitrocellulose membrane.
Protein deglycosylation assay. Pellets from HEK293 cells (3 ϫ 10 7 ) stably expressing WT ABCA3/EGFP grown on 35-mm dishes were collected by scraping, centrifuged at 300 g for 5 min, and resuspended in ice-cold lysis buffer (50 mM Tris, 190 mM NaCl, 6 mM EDTA, 2% Triton X-100, pH 7.2) containing protease inhibitors [1 mM phenylmethylsulfonyl fluoride (PMSF), leupeptin (1 g/ml), pepstatin A (1 g/ml), and aprotinin (1.5 g/ml)]. Samples were sonicated on ice three times in 20-s bursts at 50 W and the sonicate was centrifuged at 9,000 g at 4°C for 30 s to obtain postnuclear supernatant (PNS). PNS was further centrifuged at 100,000 g for 1 h to obtain the total membrane fraction. Membrane fraction was treated according to manufacturer instructions (New England BioLabs, Ipswich, MA). Briefly, 20 g of total membrane fraction was treated with 1 mU of peptide PNGase F or 2.5 mU of Endo H at 37°C for 1 h. The deglycosylated proteins were separated by SDS-PAGE.
Immunoblotting. Immunoblotting of nitrocellulose transferred samples was performed by using successive incubations with primary monoclonal anti-EGFP (Clontech, Mountain View, CA), 1:5,000 and horseradish peroxidase-conjugated secondary antibodies as previously described (43) . Images generated by enhanced chemiluminescencebased immunodetection (ECL) or ECL-plus (Life Technologies) were captured either by exposure to film or by direct acquisition via the Kodak 440 Image System.
Quantitative real-time PCR. Quantitative real-time PCR was performed as previously reported (35) . Briefly, DNA extracted from mouse tail was amplified by using Fast SYBR Green Master Mix (Applied Biosystems, Grand Island, NY) on an Applied Biosystems 7500 Fast Real Time PCR System. Copy number of the neomycin selection cassette relative to Rpp30 was calculated by the delta-Ct method. Primer sequences: Rpp30 forward: 5=-TCCAGTGTGCAAGAAAGCTAAATG-3=; Rpp30 reverse: 5=-GGCAGTGCGTGGAGACTCA-3=; Neo forward: 5=-CGACAAGACCGGCTTCCAT-3=; Neo reverse: 5=-CGACCAC-CAAGCGAAACAT-3=.
Statistical analysis. Experimental data were analyzed by one-way analysis of variance with the Tukey-Kramer post hoc test by use of GraphPad InStat software, version 3.0 for Windows (GraphPad Software, San Diego, CA). All values are means Ϯ SE unless otherwise indicated. Significance was accepted at P Ͻ 0.05.
RESULTS
EGFP-tagged ABCA3 is N-linked glycosylated.
The total membrane fraction prepared from HEK293 cells stably expressing EGFP-tagged WT ABCA3 protein was treated with PNGase F or Endo H and analyzed by immunoblotting for EGFP (Fig. 3A) . Endo H cleaves N-linked mannose-rich oligosaccharides, but not highly processed complex carbohydrates, whereas PNGase F cleaves both forms. Treatment with PNGase F increased the electrophoretic mobility of the 220 kDa isoform, yielding a deglycosylated ϳ210-kDa ABCA3 product, whereas Endo H treatment resulted in partial deglycosylation of the protein, indicating that ABCA3 is modified with Endo H-insensitive complex sugar chains. In addition, we consistently detected a second GFP immunoreactive band with M r 180,000, previously demonstrated to represent a proteolytically cleaved ABCA3 isoform (17) , that was insensitive to enzymatic treatment. The differential sensitivity of ABCA3 to PNGase F/Endo H profile of these isoforms is consistent with a model suggesting that this represents a processed product of ABCA3 generated by removal of the proximal NH 2 -terminal region (including N glycosylation sites) in post-Golgi, LAMP-3-positive compartments (17) .
Inhibition of cellular glycosylation by tunicamycin alters trafficking and reduces steady-state levels of ABCA3 protein expression. To test the hypothesis that N-linked glycosylation is required for ABCA3 biosynthesis, A549 lung epithelial cells transiently transfected with WT ABCA3 were concurrently treated with tunicamycin. Fluorescence immunocytochemistry revealed a dose-dependent retention of ABCA3 within a calnexin-positive (ER) (Fig. 3B, top) and CD63-negative (Fig. 3B,  bottom) compartment. SDS/PAGE of cell lysates confirmed the identity of the 220-kDa band as an N-linked glycosylated isoform (34) (Fig. 3C) . Importantly, when compared with the fully mature isoform, steady-state expression levels of the ABCA3 primary translation product (M r ϳ210,000) were markedly reduced by tunicamycin treatment in a dose-dependent manner. Moreover, the processed ABCA3 product at 180 kDa was observed only in control (untreated) cells, indicating that N-linked glycosylation is required for delivery to peripheral processing compartments (Fig. 3C, middle) .
Glycosylation at N124 and N140 is required for normal ABCA3 protein trafficking. Using online sequence analyses (ExPASy Molecular Biology/NetGlyc 1.0 prediction server), we identified three highly conserved consensus N-linked glycosylation motifs within the first luminal loop of the ABCA3 protein (Table 1) . To assign functional roles to these putative motifs, we employed site-directed mutagenesis. In A549 cells transiently transfected with EGFP-tagged WT ABCA3 or single asparagine (N) mutants, electrophoretic mobility was significantly increased by glutamine (Q) substitution at two of the three potential sites for N-linked glycosylation (N124, N140) compared with the WT ABCA3 isoform (Fig. 3D) . Similar findings were seen with transient expression of the same constructs in HEK293 cells (data not shown). As with tunicamycin treatment, a loss of glycosylation was accompanied by considerably reduced expression of both the primary ABCA3 isoforms and processed products (M r 180,000) (Fig. 3D) . The decrease in ABCA3 expression was not influenced by the transfection efficiency of cDNA plasmids since comparative mRNA levels were detected in transfected cells (Fig. 5D) .
Given that ABCA3 is normally routed to LROs in lung epithelial cells (4, 10, 37, 59) , the effect of consensus N-linked glycosylation on intracellular trafficking of ABCA3 was assessed. Since data obtained thus far suggested that glycosylation takes place at N124 and N140, but not at N53, we next generated a double mutant construct containing both N124Q and N140Q mutations. Representative confocal fluorescence colocalization images acquired for each mutant ABCA3 isoform by either CD63 or calnexin staining in transiently transfected A549 cells are shown in Fig. 4, A and B. Although each single N to Q mutation showed proper colocalization of ABCA3 in lysosomal CD63 (LRO)-positive organelles, the double mutant (N124Q and N140Q) was distributed in both calnexin (ER)-and CD63-positive compartments, suggestive of alterations in anterograde trafficking of ABCA3 caused by the absence of glycosylation at residues 124 and 140.
Glycosylation-deficient ABCA3 is cleared by the proteasome. Quantitative immunoblot analysis of cell lysates (Fig. 5, A and  C) revealed decreases in levels of ABCA3 protein expression by ϳ50% in single mutants of N124 and N140 and by as much as 85% when both N residues were mutated. Real-time quantitative PCR analysis using primers specific for EGFP demonstrated that ABCA3 message levels were comparable for WT and single N mutants whereas the double N mutant showed even higher message levels (Fig. 5D) , suggesting that the reduced protein expression is most likely due to posttranslational degradation and is not accounted for by either transfection efficiency or transcriptional mechanisms.
To examine the role of the ubiquitin-proteasome proteolytic pathway in cellular quality control of aberrant ABCA3 protein expression, A549 cells transfected with EGFP-tagged WT and N mutant isoforms of ABCA3 were treated for 24 h in the presence of 1 M MG132, an inhibitor of proteasomal proteolysis. As shown in Fig. 5 , B and C, MG132 significantly restored expression of both the single and double N mutant forms of ABCA3.
Glycan-deficient ABCA3 is misrouted and degraded by primary human AT2 cells. Primary human AT2 cells were transfected with EGFP-ABCA3 isoforms. Confocal immunofluorescence imaging of cells 72 h after introduction of plasmid
DNA revealed two distinct ABCA3 trafficking patterns that were dependent on complete posttranslational glycosylation (Fig. 6, A and B) . Both WT and single N mutants colocalized in DC-Lamp-positive compartments (a marker antigen for human AT2 cell LBs and LROs) and did not colocalize with calnexin. In contrast, double N mutation showed markedly increased expression in calnexin (ϩ) compartments with some residual staining in DC-Lamp vesicles, suggesting partial ER retention.
Further analysis of protein subcellular distribution pattern, in both A549 and AT2 cells, of the double ABCA3 isoform revealed the relative significance of N-linked glycosylation in the trafficking of the transporter. As demonstrated in Fig. 6C , expression of WT ABCA3 in both cell types showed little or no effect on the transporter's cellular distribution. In contrast, double mutation at N124 and N140 resulted in more ERretained protein.
As was observed in epithelial cell lines, immunoblot analysis of primary human AT2 cells revealed increased electrophoretic mobility of the primary translation products of single and double mutants of N124Q and N140Q but not the single mutant of N53Q (Fig. 7A ). Similarly, a reduced level of expression of the primary translation products of ABCA3 isoforms was observed in AT2 cells expressing single and double mutants at N124 and N140 (Fig. 7, A and C) . Moreover, treatment with MG132 increased levels of ABCA3 expression of single and double mutants of N124 and N140, suggesting proteasomal proteolytic involvement during the expression of the two N mutant isoforms (Fig. 7, B and C) . Noticeably, despite an increase in total ABCA3 protein levels with MG132, levels of processed ABCA3 products (M r 180) remain unchanged in both transiently transfected AT2 cells (Fig. 7B) as well as A549 cell lines (Fig. 5 ) and HEK cells (data not shown). This Table 1 . suggests that MG132 exerts its effects by inhibiting ubiquitin/ proteasome proteolysis but that enhanced expression does not necessarily promote anterograde transport of glycosylation mutants of ABCA3.
A potential glycosylation site also exists at N945 (Fig. 1 ), although this site appears to be located within or very close to the putative seventh transmembrane domain. As shown in Fig. 8 , glutamine for asparagine mutation at residues 945 did not alter either the subcellular distribution (Fig. 8A ) or the size and expression level of ABCA3 (Fig. 8B) .
DISCUSSION
In the present study we investigated the functional role N-linked glycosylation plays in the biosynthesis and trafficking of the ABCA3 lipid transporter. With both cell lines and primary human AT2 cells, inhibition of glycosylation by tunicamycin altered the M r of ABCA3 and resulted in a dosedependent diminution of steady-state expression level. Among the four putative N-linked glycosylation consensus motifs, our studies have identified that two sites, corresponding to N124 and N140, both located within the first luminal loop of the ABCA3 transporter, are glycosylated. As shown in Table 1 , the primary amino acid sequence of this region is highly conserved among the orthologs in different species. Double missense substitution at N124 and N140 to glutamine resulted in retention of ABCA3 within the ER, alterations in electrophoretic mobility, and reduced protein expression that was recapitulated by treatment with tunicamycin. Significant restoration of ABCA3 expression in these N-mutant-expressing cells was attained by treatment with the proteasome inhibitor MG132. Together, these studies suggest that N-liked glycosylation at residues 124 and 140 is critical for ABCA3 stability and efficient anterograde trafficking but that its disruption can promote proteasomal degradation.
Our data showed, in multiple cell lines, that the WT ABCA3 is trafficked to LROs and its level of expression was not altered by the MG132 treatment, suggesting that the majority of WT ABCA3 escapes proteasomal degradation. Moreover, expression of glycan-deficient ABCA3 isoforms was diminished but not completely abolished (Figs. 4A and 6A ). This is in contrast to the well-characterized case of CFTR (ABCC7), in which a significant percentage of the WT is subjected to proteasomal degradation (31) , which is further increased in the absence of correct glycan modification (21) . Overall, ABCA3 appears to be biosynthesized in a manner consistent with most polytopic transmembrane proteins and may not exhibit an inherent instability as found with CFTR.
Using site-directed mutagenesis, we found only two of the three putative sites (N124 or N140) in the first luminal loop to be required for normal ABCA3 biosynthesis. Mutations of N124 or N140 resulted in a change in M r and significant decrease in protein expression levels. Moreover, the dual mutations of N124 and N140 produced an additional visibly ER-retained ABCA3 expression pattern, suggesting that, although cells are able to clear the ER of single ABCA3 mutations (either by ERAD and anterograde trafficking or both), they are less efficient doing so with the double mutation. Furthermore, the N124Q, N140Q, and N124QϩN140Q substitutions all resulted in reduced total ABCA3 protein expression. Importantly, the decrease of ABCA3 expression was not related to transfection efficiency (Fig. 5D ), whereas treatment with the proteasome inhibitor MG132 partially or totally restored normal levels of all three of these mutant isoforms, indicating their rapid intracellular degradation via ubiquitin- proteasome-mediated quality control, suggesting that the initial glycosylation event is critical for ABCA3 protein stability. Decreased stability and rapid degradation in the absence of N-linked glycosylation have also been observed with other polytopic membrane proteins. Mutation of the N-linked glycosylation sites of the human -opioid receptor resulted in a threefold increase in turnover of the protein (33) . Similarly, other ABC transporters including ABCG2, P-glycoprotein (ABCB1), and the cystic fibrosis transmembrane conductance regulator (CFTR) have been shown to turn over at a significantly faster rate when N-linked glycosylation is disrupted (21, 45, 62) . This degradation apparently occurs as a consequence of increased ubiquitin-proteasome activity, and it appears that a similar mechanism might contribute to the reduced expression of nonglycosylated ABCA3.
Although it can be argued that the increased degradation observed in the mutations of N124 and N140 may not be the result of lack of glycosylation but solely due to an acquired protein misfolding phenotype, it would be unlikely for various reasons. First, studies using tunicamycin treatment demonstrated that ABCA3 is indeed glycosylated (Fig. 3, A and C) (10, 36, 37) and that trafficking of native ABCA3 isoforms beyond the ER can be disrupted with drug treatment (Fig. 3B) . Second, the immunoblot bands of single and double mutants of N124Q and N140Q supports the notion that the prominent changes in molecular weights (compared with WT ABCA3) are likely due to the absence of large sugar moiety and not due to the replacement of a single amino acid. Third, because of asparagine's close resemblance to glutamine in both size and structure, the reliability of glutamine for asparagine substitution mutation in the study of N-linked glycosylation is frequently demonstrated in previous studies of glycoproteins (1, 39, 53, 57, 63) including other ABC transporters such as the multidrug resistance protein (MRP) (28), ABCC7 (CFTR) (21) , and ABCG2 (16, 45) .
The subcellular distribution patterns observed for either the WT or double mutant ABCA3 expressed proteins are independent of the reporter cell line utilized. Comparison of each isoform in ABCA3-deficient A549 cells vs. AT2 cells suggest that endogenous ABCA3, which is highly expressed in AT2 cells (30, 42) , is unlikely to influence the trafficking of the glycan-deficient ABCA3 through heteromeric association. When an ER-retained ABCA3 mutant lacking the xLxxKN targeting motif (4) is coexpressed with WT ABCA3, neither did this ER-retained mutant inhibit trafficking of the WT to distal vesicles nor does WT ABCA3 correct proper trafficking of the mutant (S. Mulugeta, unpublished data). Moreover, coimmunoprecipitation and cross-linking studies have also confirmed the non-self-associative properties of the transporter (S. Mulugeta, unpublished data). This is in contrast to surfactant protein C (SP-C), which we had previously shown to exhibit a high degree of homomeric oligomerization (5, 55) and to be capable of interacting with mutant SP-C isoforms (heteromeric association) resulting in a profound influence on each other's trafficking either by promoting the trafficking of ER retained proteins to distal vesicles or by inhibiting ER exit of the WT proteins (a dominant negative effect), in a stoichiometric fashion (43, 54) . Also, with few exceptions, the ABC family of full transporters is not known to utilize posttranslational dimeric or oligomeric association for their biosynthesis. The few ABC transporters reported that are likely to form dimers or oligomers include ABCA1 (51), ABCC1 (MRP1) (48, 60) , ABCC7 (CFTR) (47, 61) , ABCG2 (15) , and the yeast Pdr5p (18) . Among these, ABCA1 oligomerization and CFTR dimerization appear to take place during the ATPase cycle (51) or assembled at the plasma membrane (32), respectively. The presence of glycosylation sites at N124 and N140 in the first luminal loop of ABCA3 is the first direct evidence that supports the current topological model as depicted in Fig. 1 (29, 52 ) that this long-spanning domain of ABCA3 faces either the lumen of cytosolic organelles or the extracellular space when expressed on the surface of the plasma membrane. In other model transmembrane proteins, it has been demonstrated that the minimal distance from the transmembrane domain to a luminal glycosylation site must be between 12 to 15 residues in order for N-linked glycosylation to take place (46) . Therefore, it is not surprising that the potential glycosylation site at N53 is not modified since it puts this amino acid within 11 residues from the predicted first transmembrane domain (4, 7, 52) . Similarly, the potential glycosylation site at N945 (Fig. 1) would be an unlikely site for glycosylation, as confirmed in Fig. 8 , because N945 is also located within or very close to the predicted seventh transmembrane domain of ABCA3. By using NCBI/BLAST (bl2seq) sequence alignment (similar to that shown in Table 1 ), comparisons of the entire first luminal loop of ABCA3 between human and rodents showed over 82% sequence consensus, whereas comparison between human and sheep, bovine, cat, and pig revealed over 85% sequence consensus. The high extent of amino acid sequence conservation of this luminal loop suggests a critical function for this segment, apparently including mediation of proper protein stability via N-linked glycosylation.
The importance of this highly conserved luminal domain is further underscored by the growing number of ABCA3 mutations associated with fatal surfactant deficiency in newborns and with interstitial lung disease (ILD) in older children and adults. Since ABCA3 is critical for LB biogenesis and surfactant function (2, 11) , it is not surprising that ABCA3 mutations have been linked to a range of lung disorders. To date, over 100 distinct ABCA3 mutations have been identified (58) in associ- ation with various pulmonary abnormalities, of which a great many have been mapped to regions encoding the first luminal segment of the protein (14, 19, 20, 50) . Although very little is known about the cellular and molecular mechanisms underlying lung disease linked to ABCA3 mutations, including those within the first luminal loop, the limited available reports appear to suggest that mutations in this region may affect ABCA3 biosynthesis by one of several mechanisms.
Firstly, expression of the leucine-to-proline mutation at residue 101 (L101P) results in ER-retained, unprocessed ABCA3 product that induces the unfolded proteins response and ER stress (10, 37, 56) , suggesting that this mutation causes gross misfolding of ABCA3. In contrast, a second group of lung disease-associated mutations that are proximal to N-glycan sites and/or that could profoundly alter the structural makeup of the loop such as P147L (23) and R43L (6, 20) may adversely influence glycosylation and subsequent ABCA3 biosynthesis. Thirdly, missense substitutions adjacent to the putative asparagines may interfere with posttranslational addition of N-linked glycan side chains. Specifically, mutation of aspartate to asparagine at residue 123 (D123N) has also been associated with familial ILD with fibrotic lung remodeling. Although this mutation has only been reported in conjunction with a SP-C gene (SFTPC) mutation (14) , this ABCA3 missense substitution is adjacent to the site of the N-linked glycan chain, N124, and potentially capable of altering ABCA3 biosynthesis by this mechanism.
Finally, ABCA3 sequence variants carrying a N124S (rs142977595) or N140H (rs45447801) substitution naturally occur in the human population [Human Amino Acid Missense Variant Server Database (humsavar) (http://decrypthon.igbmc. fr/msv3d/cgi-bin/humsavar?geneϭABCA3)]. On the basis of our present data, whereas single mutations in either glycosylation site fail to disrupt the trafficking pattern of ABCA3 to cytosolic LROs or alter their function as lipid transporters, the role of glycosylation of ABCA3 as a "proteostatic modifier" cannot be understated. As Fig. 5 shows, the level of expression of single glycosylation mutants (N124Q; N140Q) are highly susceptible to MG132 treatment, indicating that as many as half of the glycosylation-deficient isoforms are susceptible to proteasomal degradation. Similar issues have been observed for another ABC protein, the ABCG2 transporter. That is, whereas N-linked glycosylation at residue N596 stabilizes ABCG2 and averts its proteasomal degradation (45), it is not essential for protein targeting to the plasma membrane or its function (16) . This raises the possibility that naturally occurring defects in glycosylation are capable of producing a disease susceptible phenotype of "functional ABCA3 haploinsufficiency" whereby total lung levels of ABCA3 protein expres- sion are significantly reduced and could increase the propensity for lung injury. Indeed, ABCA3 haploinsuffcient mice (ABCA3 ϩ/Ϫ ) have been shown to have increased susceptibility to acute lung injury from bleomycin, hyperoxia, and ventilatorinduced stretch (26, 49) .
In conclusion, the present study provides evidence that N-linked glycosylation is functionally essential for regulating the stability of human ABCA3 transporter and that the ER has intrinsic checkpoint for the state of N-linked glycosylation of ABCA3. Removal of N-linked glycans at N124 and N140 increases the susceptibility of ABCA3 to proteasomal proteolysis. The evaluation of the cellular quality control pathways activated in response to glycan-deficient ABCA3 expression is crucial not only to understand the overall ER quality control mechanisms for the clearance of other disease-associated misfolded ABCA3 proteins but also to provide insights for new therapeutic strategies for treatment of ABCA3 mutation-induced lung disease. 
